A series of ion storage experiments on small carbon cluster anions was conducted to understand size-dependent cooling processes. The laser-induced delayed electron detachment time profile show clear even/odd alternation due to the presence of the electronic cooling. The time evolution of the internal energy distribution was simulated for C n -(n=4 to 7) with a common procedure taking vibrational and electronic cooling into account.
Introduction
Recently, we reported a series of studies on laser-induced electron detachment of carbon cluster anions using an electrostatic ion storage ring to understand the cooling behaviour of high-temperature anions [1] [2] [3] [4] [5] [6] . For the clusters C n -(n = 4 -7), neutral species (C n ) produced by delayed electron detachment were detected, probing the time-profile of the photo-induced delayed neutral yield as a function of the time after photo-excitation, and the storage time (laser firing time) dependence of the total yield. In these papers, we have shown how to obtain information on the internal energy distribution from the data. Generally, within the uncertainty involved in the measurements and the theoretical approaches, the delayed detachment (vibrational auto-detachment) and radiative cooling of these anions are well explained by statistical considerations taking account of molecular vibrations and electronic structures, without the need to introduce any electronic metastable states. The radiative cooling rates show a strong even/odd alternation, which is due to the presence/absence of a contribution from the fast electronic cooling p rocesses [2, 3, 4, 6] .
A schematic view of the energy distribution of hot anions undergoing radiative cooling and vibrational auto-detachment is shown in Fig.1 . Above the detachment threshold, auto-detachment with a rate constant k d competes with radiative cooling. Observation of the time profile of the neutral yields, I(t), gives information on the mechanism of radiative cooling. In the ion storage study, the anions with larger internal energy are preferentially removed from the ring, resulting in cooling of the ensemble of stored anions. This process is referred to as depletion cooling. For odd-numbered cluster anions, the time profile of the neutral yields after photo-excitation is governed by the competition between electron detachment (depletion cooling) and vibrational radiative cooling, of which the former plays a dominant role above the detachment threshold. Since the experiments explored hot anions with broad energy distribution, the change in the population with the internal energy (E) is much slower than that of k d . A characteristics of the depletion cooling under such conditions is the power law decay represented by I(t) ∝ t -γ , where γ is close to one. On the other hand, for even-numbered cluster anions, electron detachment is strongly suppressed by fast radiative cooling due to electronic transitions via thermally populated electronic excited states, so called "recurrent fluorescence". Since the population above the detachment threshold decreases quickly, the I(t) decays quickly, providing a sign of electronic cooling.
Below the detachment threshold, odd-numbered cluster anions are slowly cooled by vibrational radiative cooling, whereas evennumbered ones continue to be cooled by electronic radiative cooling as long as they have an excitation energy somewhat higher than that of the relevant electronic excited state. Delayed detachment after photo-excitation can give information on the cooling in this energy region, since the detachment yield at a specific time after photo-excitation probes the population at a specific energy before photo-excitation, as will be shown later. The characteristic cooling behaviour of carbon cluster anions is one of the consequences of the electronic structures which show a well-known periodicity; the ground states of even-numbered clusters are triplets while the odd-numbered are singlets, as illustrated in Fig. 2 [7] . This is the origin of the even/odd alternations observed in abundance, reactivity, and so on, both for neutral and ionic carbon clusters. The even/odd alternation is superimposed on the smooth size dependence of the molecular property. For example, the electron affinity (E a ) of the neutral cluster is higher for even-numbered ones and systematically increases with the size [8, 9] . The energy levels of the excited states of anions and the E a of corresponding neutrals are shown in Table I for C 4 --C 7 -. As can be seen in the Table, the E a of C 4 (small, even-numbered) is not so different from that of C 7 (large, odd-numbered). The energy of the dipole allowed low-lying excited states tends to be smaller for the even-numbered and the larger anions. This is the key factor that determines whether the electronic cooling works. The efficiency of the electronic cooling is determined by the relative values of the detachment threshold (= E a ) and electronic excitation energy Schematic energy diagram of odd-numbered (C 3 as an example) and even-numbered (C 4 ) carbon clusters. Odd numbered cluster has 4n π electrons which fully occupy the degenerate HOMO, whereas even-numbered cluster has 4n+2 π electrons which occupy the half of the HOMO. of the dipole allowed states, and the transition probability.
In this paper, we will show that the cooling processes of both even-and odd-numbered carbon cluster anions can be treated by a common procedure based on a purely statistical description. The vibrational and electronic radiative cooling rate constants, denoted by k v and k e , respectively, are defined as the transition probability per second. Since the emitted energy per transition is very different for the electronic and the vibrational transitions, the cooling rates dE/dt will increase dramatically if the electronic cooling is present.
Experimental results
The experiments were performed using an electrostatic ion storage ring at Tokyo Metropolitan University (TMU E-ring) [13] , of which a schematic view is shown in Fig. 3 , together with a timing chart shown on the right. Carbon cluster anions were produced with a laser ablation source or a Cs sputter source, and injected into the ring with energies of 15 or 20 keV. Cooling gases were not employed. The hot cluster anions were gradually cooled during storage, both by depletion and radiative cooling, and then they were reheated by a pulsed laser merged in one of the straight sections of the ring. As shown in the timing chart (a) in the right of Fig. 3 , the stored ion bunch periodically passed through this straight section. The timing of the laser irradiation was adjusted to a specific turn of the bunch, as shown in the timing chart (b). The neutral particles generated one or a half revolution after laser irradiation were detected by microchannel plate detectors (MCP) located at the extension of the lower and upper straight sections, shown in the timing chart (c) and (d), respectively. If the photoexcited ions have too much internal energy either because of too much energy before photo-excitation or of contribution of multi-photon absorption, detachment occurs only at the lower straight section. Such a fast detachment component, including one by prompt detachment, contributes only to the first peak in (c). The other peaks in (c) and (d) are due to delayed detachment exclusively.
With this experimental configuration, the anions within a specific range of lifetimes (several tens of microseconds depending on the masses and kinetic energies) were selectively detected. That is, we detected ions with a specific internal energy region, which is referred to as an energy window (E 0 ). For the small carbon cluster anions examined in the present study, the k d is a rapidly varying function of the internal energy. The energy spread of E 0 is fairly narrow and located just above the detachment threshold. Thus, the neutralization yield summed over the laser-induced peaks (total neutral yield) is proportional both to the population at E = E 0 -hn before photo-excitation and to the photo-absorption cross section. During the storage, below-threshold ions cool radiatively. The plot of the total neutral yield (y) versus cooling time (laser firing time, t las ) for fixed hn gives the time evolution of the population at E 0 -hn.
The normalized decay profiles I(t), the plots of the yields versus times after excitation, are shown in . Aside from the absolute yield, the decay profiles are nearly independent of the excitation energy and the laser firing time for all the clusters. The data for C 5 -and C 7 -follow a power law indicating that these result from depletion cooling. The delayed detachment continues at least 10 revolutions after photo-excitation. On the other hand, the decay profiles for C 4 -and C 6 -are near single-exponential with much smaller time constants, indicating that these decays are strongly influenced by electronic radiative cooling of the laser-heated anions.
Plots of the total yield against the laser firing times (t las ) are shown in Fig. 5 (a)-(d) for C 4 -to C 7 -. For C 5 -and C 7 -, the yields initially go up and later go down, and the peak positions shift with the laser wavelengths. Excitation by longer wavelength light gives a curve that peaks at earlier storage time. This is consistent with the aforementioned energy window picture. If the cooling is vibrational, the population at E 0 -hn is determined by the balance of the anions leaving from the E 0 -hn region and those arriving from the higher energy region. If the maximum of the population locates at higher energy side of E 0 -hn at the beginning of storage, the initial population change driven by vibrational radiative cooling results in increase of the population at that energy. As t las proceeds, population reaches the maximum and further vibrational radiative cooling lowers the population. Since the red light samples the population at higher internal energies, the yield starts decreasing faster. -data at the 3rd revolution involves large uncertainty but the near-exponential decay is confirmed by Chandrasekaran et al [14] . In strong contrast to this behaviour, the total yield for C 6 -shown in (c) monotonically decreases with increasing storage time, indicating that the maximum of the population is located at the lower energy side of E 0 -hn (= 0.9 eV) from the start. That is, C 6 -is cooled significantly during the drift from the hot ion source to the ring, due to fast electronic cooling. The slow decrease of the total yield is explained by vibrational cooling in this energy region. For C 4 -shown in (a), the decrease is much faster (note the different time scales), especially for excitation by longer wavelength light, and the decay profiles are near single-exponential. This is understandable considering the large amount of energy taken away by a single electronic transition. Since there is no source of anions to replace the lost anions, the population at E 0 -hn simply decreases with a rate governed by the electronic cooling rate at that energy. Since the k el is nearly constant within the narrow energy window, the population follows a near single exponential decay. Then, on the basis of the above-mentioned simple model of the energy window, near-exponential decay of y(t las ) for C 4 -is rationalized.
Simulated cooling features
Since the detailed procedure of the simulation is presented in [5] , we will present only an outline as well as the adopted molecular constants available from the literature. A flow chart of the simulation of the depletion cooling and radiative cooling processes is shown in Fig. 6 . The vibrational level density ρ(E) was calculated with the Beyer-Swinehart algorithm [15] adopting the vibrational wavenumbers from the literature and the harmonic oscillator approximation. The rate constant of electron detachment k d is given by the detailed balance theory. 
The electronic cooling rate constant is that of the electronic excited state.
A-coef.
Electron attachment cross section, We use the approximation that the vibrational wavenumbers are the same for the electronic ground and the excited states.
The initial energy distribution of the ions in the source was calculated assuming a thermal distribution with a temperature of 5000 K, which is an arbitrary but reasonable value. The time evolution of the distribution was calculated using the above cooling rates. Thermally populated electronic excited states were taken into account by statistical sharing of the internal energy by the vibrational modes both in the electronic ground and the excited states. The energy distribution curve before photo-excitation was shifted upward by hv after photo-excitation. Then, considering the k d , k v and k el , the neutral yield against the time after laser excitation, I(t), was simulated. The neutral yield at the storage time, y(t las ), was given by the population at the E 0 -hn region, taking the detachment probability at the detection time window into account.
The molecular constants employed in the simulation are listed in Table II , whereas the reported values of the E a and hn el are shown in Table I . The theoretical values of the polarizabilities are given in a.u. [17] , which are converted to σ 0 in eV. Although the uncertainty in the σ 0 is rather large, it does not affect our simulation significantly, since the k d is a linear function of σ while the level density ρ varies very rapidly with energy. The vibrational wavenumbers of the neutral carbon clusters are adopted from recent theoretical calculations [18] . Those for the anions are from measurements in a cold matrix [19] . The A-coefficients of the IR emissions for the anions are converted from the IR intensities given in parentheses. The time windows were calculated using the ion's revolution periods, and were converted to the energy windows (E 0 ) according to the calculated k d . The obtained E 0 values for C 4 --C 7 -are 3.88 eV (≅ E a ), 2.95 eV (≅ E a + 0.1 eV), 4.4 eV (≅ E a + 0.2 eV), 3.7 eV (≅ E a + 0.3 eV). The 
Conclusion
We have shown that the radiative cooling of small carbon cluster anions are well reproduced by simulations based on a purely statistical model. It should be noted that the simulation is based on the imposed approximation (Langevin cross section, harmonic oscillator, ignoring rotational states, and so on) and the values listed in Table II . For better quantitative agreement, a drastic improvement of the theoretical framework to treat hot molecules, which are rather floppy and undergoing molecular vibrations with a picture far different from harmonic, is needed. Experimentally, case-by-case approach gives additional information. For C 5 -and C 7 -, the fact that the y(t las ) curves measured at various hn are scalable with respect to t las helps us to derive the radiative cooling rates [2, 3] . For evennumbered cluster anions, detection of the photons emitted in the electronic cooling process will open a new venue for radiative cooling studies [23] .
